Abstract This paper discusses results from a survey of volcanologists carried out on the Volcano Listserv during late 2008 and early 2009. In particular, it examines the status of volcano monitoring technologies and their relative perceived value at persistently and potentially active volcanoes. It also examines the role of different types of knowledge in hazard assessment on active volcanoes, as reported by scientists engaged in this area, and interviewees with experience from the current eruption on Montserrat. Conclusions are drawn about the current state of monitoring and the likely future research directions, and also about the roles of expertise and experience in risk assessment on active volcanoes; while local knowledge is important, it must be balanced with fresh ideas and expertise in a combination of disciplines to produce an advisory context that is conducive to high-level scientific discussion.
Introduction: monitoring volcanoes and scientific progression in volcanology
The last decade has witnessed extensive growth in the availability of technologies for monitoring volcanoes. Much of this development has involved collaborations between volcano observatories and researchers around the world. At the same time, however, resources at observatories may be stretched and there can a great deal of pressure on scientists to justify their purchase of new equipment. The use of different monitoring technologies in integrated monitoring systems on active volcanoes has also increased significantly in the last decade, with wider funding of multidisciplinary international projects (e.g. Galle et al. 2010) . New technologies have been developed to monitor long-recognised valuable signals of volcanic activity including seismicity, gas geochemistry and ground deformation, and to develop the application of other areas such as electromagnetic field surveillance (e.g. Zlotnicki et al. 2006) . With new observatories being set up to monitor volcanoes, a key question for scientists concerns budgeting: governments and relevant authorities can be reluctant to fund multiple monitoring techniques if they are unconvinced of their worth. For example, the UK Department for International Development was criticised in 2004 for failing to fund research as well as baseline monitoring on Montserrat (House of Commons Science and Technology Committee 2004) .
The role of scientists as policy advisors has been much discussed in the social scientific literature, particularly in the fields of climate change, biotechnology and medicine (e.g. Wynne 1995, 1996; Jasanoff 1990 Jasanoff , 2004 Jasanoff , 2005 Rayner 2003; Wynne et al. 2007; Brown 2009; Fischer 2010; Hulme and Mahony 2010) . Expertise in the political context can be questioned for political and social reasons, as well as specialist ones, placing scientists under pressure to justify results and recommendations to laypeople. The democratising of expertise (Fischer 2010; Brown 2009 ) has implications for volcanologists, particularly given that volcanological advice may be required under crisis conditions, and may feed into policy decisions about costly evacuations (e.g. Marzocchi and Woo 2009) . While many volcanoes are not adequately monitored (Ewert and Newhall 2004; Ewert et al. 2005) , monitoring networks have frequently provided the main source of information about volcanic unrest (e.g. Sigmundsson et al 2010; Voight et al. 1999; Newhall and Punongbayan 1996) , and the importance of monitoring active volcanoes is widely asserted in the literature (e.g. Tilling 2008 ). However, the relative infrequency of volcanic eruptions has also provoked political criticism of budgeting for volcano monitoring. Where resources for monitoring are limited, scientists have to justify their choice of technologies and techniques.
Volcano monitoring and the convergence of disciplines
Monitoring volcanoes typically involves the integration of a number of disciplines, the most common being seismology, ground deformation and gas geochemistry (based on a survey of observatory websites). Seismology is generally regarded as the most reliable of these. However, the practice of volcano seismology varies widely between locations. The monitoring of a particular volcano typically involves a network of seismic stations, preferably more than four to allow location of hypocentres. There are several different typologies of seismic signal, and there is some variation between volcanoes (McNutt 1996) . Types include volcano-tectonic (high frequency) earthquakes, attributed to brittle fracture of rock at depth, long-period (low frequency) earthquakes, which may relate to fluid transport and deformation (e.g. Kumagai and Chouet 1999) ; and volcanic tremor (e.g. Benoit and McNutt 1997) . In addition, some volcanoes generate hybrid earthquakes, which have both high-and low-frequency components (e.g. Lahr et al. 1994; De Angelis et al., 2007) , very long period earthquakes (e.g. Rowe et al. 1998) , and/or deep high-frequency earthquakes (McNutt 1996) . The use of broadband seismometers has significantly improved the resolution and range of signals detectable from volcanoes, and this has generated new methods for the interpretation and analysis of signals (e.g. Roman et al. 2006; Sandri et al. 2004; Neuberg et al. 1998 Neuberg et al. , 2006 Chouet 1996; Chouet et al. 2003; McNutt 1996) .
Ground deformation monitoring involves the use of tiltmeters, electronic distance measurements and Global Positioning System (GPS) receivers to monitor surface movements at volcanoes: inflation may be caused, for example, by rising and/ or vesiculating magma. Similarly, during an eruption, the ground may deflate as magma is discharged. Ground deformation model typically posit a source with simple geometry and try to fit it to the observed deformation (Mogi 1958; Jousset et al. 2003; Fialko et al. 2003) , and finite element modelling methods have enabled increasingly detailed modelling of crustal dynamics (e.g. Foroozan et al. 2010; Fialko et al. 2003) . However, ground deformation can also be caused by hydrothermal activity, and this has been the source of divided opinion on interpretation of data, a key example being Campi Flegrei in Italy (Bellucci et al. 2005; Bonafede 1991 ). The eruption of Soufriere Hills Volcano, Montserrat, has produced a well-studied deformation pattern of inflation during phases of quiescence, and deflation during extrusive episodes (Voight et al. 1998 (Voight et al. , 1999 Wadge et al. 2006 Wadge et al. , 2010 Foroozan et al. 2010) .
Gas geochemical monitoring can provide information about the depth and amount of magma in the crust. Currently, some observatories still carry out in situ sampling with Giggenbach bottles, while some have spectrometers (Galle et al. 2010; Oppenheimer et al. 2003) . In recent years, ultraviolet spectroscopy for SO2 measurement has become widespread, using the differential optical absorption spectroscopy (DOAS) technique, which is more practical and affordable than correlation spectroscopy (e.g. McGonigle and Oppenheimer 2003) . The use of spectroscopy is growing, but the instruments are vulnerable and several are needed to provide good coverage of the drifting plume (Edmonds et al. 2003; Salerno et al. 2009a, b; Burton et al. 2009; Galle et al. 2010) . Data processing is time-consuming and labourintensive (e.g. Kern et al. 2010) , and spectroscopic flux measurements may be subject to high errors. A further development is the SO2 camera (e.g. Mori and Burton 2006) . While SO2 is perhaps the most commonly monitored volcanic gas because it is abundant at active volcanoes but not otherwise present in large quantities in the atmosphere, recent results using Fourier-Transform infrared spectroscopy (FTIR) to monitor HCl, HF and H2S have been shown to be promising (e.g. Edmonds et al. 2001; Burton et al. 2003) . Multigas sensors have also been deployed to analyse H2O, CO2 and SO2 together Edmonds et al. 2010) .
There are a variety of other monitoring methods, including infrasound (e.g. Ripepe et al. 2010) , resistivity (e.g. Jackson et al. 1985) , microgravity (e.g. Rymer 1994 ) and petrological laboratory tools (e.g. Corsaro and Miraglia 2005; Cashman and Taggart 1983) . These are currently in various stages of development, and are mostly employed at observatories with healthier funding, or by university scientists in collaboration with observatories. There is therefore a very wide breadth of expertises required for volcano monitoring, and therefore a complex communicative process across disciplines. At some observatories, this also involves communication with social scientists, whose role includes risk perception surveys and outreach. There have recently been a number of attempts to use public participation in workshops as a means of developing risk management plans and maps (e.g. Cronin et al. 2004 ).
Uncertainty and expertise: applying volcano monitoring and other types of knowledge in advisory contexts
There are many sources of uncertainty during a volcanic eruption, including instrument error, model error, choice of models, processing error, interpretative error, population behaviour, 'unknown unknowns' and language issues. In the provision of scientific advice, monitoring data and its analysis may be combined with modelling results, geological data, local knowledge about the physical and social characteristics of the area, and social scientific data, requiring interdisciplinary communication between scientists, as well as communication with policymakers. Interdisciplinary communication for the purpose of providing expert advice has been discussed in other fields. Collins (2004) and Collins and Evans (2007) discuss the concept of 'interactional expertise': the ability to engage with academic disciplines at a level that allows one to understand and draw on multiple disciplines, but not necessarily contribute to cutting-edge research ('contributory expertise'). Interactional expertise would ideally include a working knowledge of the uncertainties inherent in particular types of data, for example.
Recent studies in the science and policy field have discussed the relationship between risk and uncertainty (Wynne 1992; Stirling 2007; Spiegelhalter and Riesch 2011) . The climate change discourse in particular has yielded some important results in this area (Giddens 2010; Hulme 2009; Morgan et al. 2009 ), since political decisions about climate change have to be based on uncertain science-and this has on occasion been extremely controversial, not least in the so-called 'climategate' episode. Fundamentally, these discourses relate to the public perception of science; in the UK, the public generally view science as a source of certainty, whereas in practice it is characterised by uncertainty not only in the form of error, but also in subjective judgements, model parameterization, data collection and representation of results. A schema drawn up by Stirling (2007) , which in turn draws on the work of Wynne (1992) shows risk, uncertainty, ambiguity and ignorance as definitions of incomplete knowledge of likelihood and/or outcome. It has been suggested that there is a 'closing down' towards risk in the case of technological governance (Stirling 2008) , where risk involves knowledge of both the outcome and its probability. The danger of this is that non-technical types of knowledge are omitted. Figure 2 shows a schema based on Wynne (1992) and Stirling (2007) , adapted for volcanic risk. This diagram demonstrates the ways in which some of the different types of knowledge mentioned in this paper seek to reduce uncertainty to something that can be represented quantitatively.
The extent of the dependence on science in volcanic crises may be much greater than for other areas of scientific governance. There is nothing that can be done reliably to reduce the volcanic activity itself-the requirement is therefore to decide on the necessity of costly evacuations, and long-term land-use planning. While this should be a decision for policymakers, the absolute dependence on scientific advice often means that in practice scientists are asked to make decisions, perhaps in the form of alert levels, which may be directly linked to particular civil protection actions. However, many scientists feel very strongly that this is extremely dangerous and far exceeds their role as scientists. Difficulties arise when the boundaries become unclear, or people are put under pressure. This is perhaps particularly likely in a crisis situation at a volcano where scientists, officials and the public are poorly prepared and decisions have to be made quickly under high levels of uncertainty. Bayesian Event Trees (Marzocchi et al. , 2008 and volcanic risk metrics Woo 2007, 2009) provide innovative quantitative approaches to decision making, exemplified for the Auckland Volcanic Field by Lindsay et al. (2010) . This does however involve pre-existing collaborative relationships between local officials and scientists, and a supply of scientific data about the volcanic conditions. Marzocchi and Zechar (2011) discuss the different types of uncertainty involved in seismic hazard assessment-a field that has arguably encountered some similar challenges to volcanology. Seismic hazard assessments vary in the degree to which subjective probabilistic methods are used, with some being heavily dependent on expert judgement (e.g. Hanks et al. 2009 ). As Marzocchi and Zechar (2011) note, probabilities are frequently subjective and cannot be verified or falsified (unless P00 or 1), and all Bayesian methods involve a degree of subjectivity. However, these methods are more effective at representing uncertainty not simply from the variability of the natural system (aleatory) but also from lack of knowledge (epistemic). An important summary of recent relevant developments in earthquake hazard assessment is provided by Jordan et al. (2011) , who note the importance of probabilistic forecasts for risk managers. It should also be noted that the use of probabilistic methods does not take into account the broader social context both of science and its application (Fig. 1) . These are uncertainties that are not easily quantified.
The separation of risk assessment and risk management is rarely straightforward (Stirling 2007) , and also relates to public understanding of scientific uncertainty: specifically in this case, the reliability of forecasting of volcanic activity. In addition, the relative infrequency of volcanic disasters means that there is a danger that the expertise of those experienced in crisis assessment will be lost. This paper presents data from a survey carried out in [2008] [2009] concerning volcano monitoring and communication within and beyond the scientific community. In particular, the usefulness of different monitoring technologies, anticipated directions in monitoring, and aspects of hazard management were assessed. The eruption on Montserrat is used as a case study to discuss the role of scientists in providing policy advice on active volcanoes under conditions of uncertainty. The paper therefore combines information about scientific monitoring with reflections on the process by which monitoring is discussed and applied in the policy context. This relates both to decisions about the use of public funding for particular monitoring technologies and to the application of scientific results to policy decisions about land use on active volcanoes.
Methods
This article discusses results from a multidisciplinary project examining volcanology in its social context, combining quantitative and qualitative methods. These were a survey of volcanologists, interviews with scientists and local officials, and participant observation. The survey data covers volcanologists from a range of countries and backgrounds. The survey was used to identify trends and ideas, which were then examined in more detail using qualitative methods. Much of this was done on Montserrat, and is therefore narrower in scope than the survey. The data reported below relate to monitoring technologies and to the types of interaction involved in communicating scientific advice. The data were assessed using a range of statistical tests (Field 2000) , which are described in detail in the 'Appendix' section, and more briefly in Table 1 . Initial exploration of the dataset using a range of normality tests was used to identify those questions that required nonparametric testing.
Fieldwork
Participant observation and interviews were carried out during two 10-week field seasons at the Montserrat Volcano Observatory in 2008 and 2009. Further interviews were carried out in a 5-week period in Iceland, and 5 weeks were spent carrying out interviews and participant observation in Sicily. Interviews were semi-structured (Somekh and Lewin 2005) and ranged between 30 and 120 min in duration. Interviewees included observatory scientists, technicians, academic scientists with advisory roles, policymakers and local government officials. Fig. 1 Summary of types of information, knowledge and uncertainty that may be employed in the management of an active volcano. Arrows indicate methods that seek to move from one condition to another-for example, using subjective probabilistic methods to quantify risk based on monitoring data and numerical models Participant observation is an anthropological research method that is used in the study of cultures (Geertz 1973) . It is a highly subjective method, relying on the observations and responses of the researcher to provide insights into the culture in question-in this case, observatory volcanology. Its use in understanding scientific cultures in particular is well documented (Latour 1987; Traweek 1988; Collins 1985) . In this paper, the case study of Montserrat is used to provide some qualitative insights into the quantitative results. The eruption of the Soufriere Hills Volcano on Montserrat began in 1995 (Druitt and Kokelaar 2002) following 3 years of elevated seismicity (Young et al. 1998) . It is an andesitic domebuilding eruption (e.g. Sparks and Young 2002; Watts et al. 2002) , and has resulted in the evacuation and subsequent destruction of the capital city, Plymouth. The Montserrat Volcano Observatory was set up in 1995 to monitor the volcano and advise the government on the activity (Aspinall et al. 2002) . It has been assisted in this role by external scientists, and an official Scientific Advisory Committee was set up in 2003. During the period covered by this study, the Scientific Advisory Committee (SAC) was meeting every 6 months to carry out a risk assessment. Risk assessments on Montserrat involve a range of probabilistic methods, including expert elicitation (Aspinall 2006 (Aspinall , 2010 , Bayesian event trees (e.g. Newhall and Hoblitt 2002) , Bayesian belief networks (Aspinall et al. 2003) and frequency-based methods. Two SAC meetings were attended during the field seasons.
Additionally, extensive archival research was carried out at the Montserrat Volcano Observatory; and using records from the UK government, both the Department for International Development (formerly the Overseas Development Agency) and the Office for Science and Technology. This included the risk assessments carried out on the volcano between 1995 and 2010.
Results

Demographic (survey data)
The majority of respondents were from Anglophone countries, with a significant number from Europe (the questionnaire was only distributed in English). Nationalities were recorded into two categorical variables. The first denoted countries with and without active volcanoes. The second took the countries with volcanoes and divided them into 'wealthy' and 'poor' to measure the impact of resources on responses to the questions. 'Poor' countries were identified as those considered such by the International Monetary Fund.
There was a strong correlation between highest position at an observatory and level of highest degree (ρ00.248, p0 0.001), and between highest position at observatory and experience in decision making (ρ00.547, p00.000). This meant that these variables had to be used carefully to avoid multicollinearity. It also suggests that those employed in observatories at the higher levels are in general highly educated and have research experience. It also implies that many of those with higher degrees who completed the questionnaire had observatory experience. This represents a possible bias in the demographic. It should also be noted that there were roughly twice as many men as women in the group.
Some of the tests for this analysis involved ranking the data. The 'highest position at observatory' (Table 2b) category was used for two separate assessments. Firstly, it was used to gauge observatory experience, and being 'affiliated' to an observatory was taken as the third category, with technicians and volunteers following this. Secondly, it was taken as a proxy for academic as opposed to observatory focus, and for this technicians and volunteers were counted above 'affiliated' personnel. This is a somewhat crude distinction, and forms a very small part of the overall analysis. It does however point to a few distinctions in the final section of the paper.
Volcanologists' views on monitoring techniques
The surveyed volcanologists were asked to rank from 1 (least useful) to 5 (very useful) a range of monitoring techniques, for For a more detailed description, please consult the 'Appendix' section both persistently and potentially active volcanoes. They were also asked for opinions on other technologies and on those rising in importance as research into them continue. This section presents a statistical analysis of questionnaire data concerning monitoring technologies and techniques, on both potentially and persistently active volcanoes. The mean ratings are shown in Fig. 2 . Other demographic variables showed some significant associations within the data. All effects are reported at the 5% significance level. Those with experience in decision making were less likely to think that visual signs at a persistently active volcano and tiltmeters at a potentially active volcano were of use (χ 2 (4)012.49, 10.24) and more likely to rate petrological monitoring and correlation spectrometer (COSPEC)/DOAS-based gas measurements at a persistently active volcano (χ 2 (4)012.34, 9.51). Of the ranked variables, those with higher degrees were more likely to rate highly COSPEC/DOAS measurements at persistently active volcanoes (H010.22, p<0.01), and gave lower ratings for infrasound (H(3)09.37; J01419.0, z0−3.05, r0−0.28), FTIR (H (3)07.32; J01,412, z0−2.62, r0−0.24) and resistivity (H(3)0 9.47; J01,097, z0−2.93, r0−0.28) at potentially active volcanoes. Having more experience at observatories seemed to lower the approval of tiltmeters for potentially active volcanoes (H(3)018.12; J04,258, z0−2.69, r0−0.22). There were no significant associations between specialism and rating.
Respondents were also asked to provide details of techniques not on the list. These are given in Table 3 . Suggestions for technologies that are likely to be developed so that they can make a major contribution to monitoring are listed in Table 4 .
A number of comments were made regarding likely future breakthroughs. One concern was cost-effectiveness: it was noted that many of the techniques might provide very interesting information about the volcano, but the relevance of that information to hazard assessment and population management might not merit the expense and would not survive cost-benefit analyses. Another key question concerns the 'fundamentals': many respondents stated that they assumed that the baseline was being covered already-both in terms of basic monitoring, and historical/geological local knowledge. New technologies were considered to have a role once the 'fundamental studies' were completed-and the political challenge of getting sufficient baseline surveys and systems in place at an apparently quiet volcano was also noted. Taking this a step further, respondents suggested that new technologies should be deployed once the volcano becomes active, to gain further information: relatively basic systems can be installed on quiet volcanoes to ensure that the onset of unrest is identified. This is more cost-effective, and therefore easier to justify. An important aspect of justifying resources was the consultation of references and past eruptive experiences: the technological history.
A further set of comments dealt with the connection of monitoring data to physical models, and the advanced stages of data processing and interpretation. This was linked to, for example, better understandings of seismic 'noise', the elastodynamics of the crust, fluid transport models, artificial intelligence in continuous data stream analysis, and models that incorporate multidisciplinary techniques. The potential usefulness of satellites in thermal, ash and gas detection was a further recurring theme. Respondents were asked for the subject of their highest degree. These varied and have been recorded primarily to distinguish geophysicists and geochemists. The Earth Sciences category was used for respondents who were not specific to this task, writing, for example, 'volcanology', which could be either geophysics or geochemistry or both
Volcanologists' views on risk management
Science at the policy interface
The third section of the questionnaire asked scientists to rate the importance of particular types of experience and communication. This section of the paper thus examines the interaction of scientists with local officials and the public, in the context of monitoring volcanoes and managing the social implications of volcanic activity.
Scientists and local officials
There were two subsections in this part of the survey. The first section examined the interaction between scientists and local officials in volcanic emergencies-both crises and persistently active volcanoes. It asked scientists to rank from 1 to 5 the importance of specific interactions. Tests were carried out to ascertain whether or not the predictor variables had a significant effect on the results. It was concluded that level of degree and specialism did not affect the results, but those with experience in decision making rated cooperation with local authorities (U03,079, z0−2.19), local politicians (U02,829, z0−2.20), media (U02,822, z0−2.73) and religious leaders (U02,394, z0−3.09) as less important in managing persistent eruptions than did those who lacked the experience. This was also true for religious leaders at potentially active volcanoes (U02,473, z0−2.41)-but it should be noted that this is a highly culturally dependent question, and may have been influenced significantly by the fact that the survey was in English and many respondents were from countries where religion may not be perceived as important. A factor analysis was carried out on these data to look at correlations between the variables in greater depth. The factors identified and their weighting-how much of the variance in the dataset that is explained by each factor-is given in Table 5 . Tables 6 and 7 show the rotated components for each statement-how the factors were distributed.
The results suggest that while scientific consensus and discussion are valued highly, the question of local authorities is the cause of most concern for the respondents. This is indicative of the problems of transdisciplinary communication, and the position of scientists more generally in an age of increasing scientific input into governance. It also reflects the lack of control that scientists have over the dissemination of information by locally recognised institutions such as the media. While determining the message in cooperation with other scientists and local authorities is the most significant factor, there is also concern about the way that that message is conveyed. Scientific discussion is also important, but is less of a concern, perhaps because it is relatively familiar territory for scientists.
Scientists and social awareness
The second subsection enquired about the particular knowledge and experiences of the scientist. The only predictor that affected this dataset was whether or not the volcanologist was born in a volcanic country-those who were felt that observatory experience elsewhere was less important for managing a persistently active volcano (U02,922, z0−2.03). In this analysis, four factors were identified (Table 8 ). The components are given in Tables 9 and 10. The data suggest that the major control on responses in this section related to experience rather than academic knowledge The comments made by the scientists also reflect the diversity in starting points: some respondents considered hazard assessment and social scientific information as part of the monitoring process, while others dealt more closely with the science. This reflects a fundamental uncertainty in the current self-definition of volcanology: What is the role of the social sciences, and are they part of 'volcanology'? The concern for local populations will be discussed further below; the main point to note here is that scientists are interested in the wider context in which they operate and the social implications of their work. There is also the question of 'disciplinarity'. From the scientific point of view, it is clear that there are significant differences between monitoring a persistently active volcano, and one that is currently dormant. For a dormant volcano, there was more emphasis on longer-term projects such as stratigraphy/geological mapping, petrology, GPS campaigns, spaceborne monitoring and geophysical techniques such as self-potential, magnetotelluric methods and microgravity, which have shown their value in the research context but are not considered fundamentally important for hazard management in the short-term. For both situations, however, seismometers and ground deformation monitoring are considered the most important monitoring methods, with application to persistently active volcanoes also scoring high for gas spectrometry. Gas sampling and hydrochemistry are preferred for potentially active volcanoes, in the absence of a significant plume. Visual monitoring is also considered of prime importance, particularly at persistently active volcanoes.
Technologies and mobility
The timescale of new technological advancements in volcano monitoring was commented on by several interviewees, and survey respondents. A pertinent example is the use of spectroscopic gas measurements in eruption prediction. In the early years of the eruption on Montserrat, a COSPEC was purchased to monitor the SO 2 flux (funded through an 'urgency' grant application to the UK NERC). SO 2 increase has long been recognised as a key indicator of rising magma, resulting from the exsolution of SO 2 as pressure decreases. On Montserrat, a spectrometer owned by the USGS had initially detected very high levels of SO 2 (several thousand tonnes per day), and this caused concern. The sustained high level of SO 2 emissions during the first pause in magma extrusion (March 1998 to November 1999) was an indicator that basalt influx at depth was ongoing (Oppenheimer et al. 2002) . At the same time, spectroscopic measurements of atmospheric SO 2 are fraught with high errors, due to wind speed inaccuracies, imperfect algorithms for correcting atmospheric effects, the potential for shallow sealing and/or temporary storage of gas, and changes in the plumbing system at depth (e.g. ). This renders short-term prediction based on SO 2 variations unreliable, particularly where a single spectrometer is used, although ongoing high SO 2 emissions can be diagnostic of an active system, and on Montserrat during the first pause in the eruption, elevated SO 2 levels led to individual scientists being concerned that the eruption was not over (Oppenheimer et al. 2002; Sparks 2003) . Seismicity, however, can be a very good Numbers 1-3 refer to factors in Table 5 short-term predictor, but in recent years has become less reliable than it had been early in the eruption. Broadband seismic networks are very reliable and highly valued by scientists, as demonstrated above. One interviewee suggested that the use of DOAS instrument arrays (e.g. Burton et al. 2007 ) is the equivalent of the broadband seismometer array 15 years ago: it has great potential for further development as processing improves. The development and testing of new technologies requires dialogue between the research and monitoring communities, and may also involve interaction with industrial and commercial organisations to identify appropriate and affordable products. There has to be a commitment to the value of the information to be obtained from the technology, and a justification for spending public money on it. In general, research money is spent developing and testing the method, and then if it is successful, it may be deployed for monitoring purposes. However, from a practical perspective, certain technologies may remain beyond the scope of observatory work, and external advice from expert consultants may be required. Petrological monitoring, for example, may be contracted out, as has occurred during the eruption of the Soufriere Hills Volcano on Montserrat. This situation may present a number of challenges, not least in assessing hazard-relevant information, which may be a matter of subjective judgement rather than solid procedures, and hence includes the potential for increased uncertainty.
Uncertainties and errors, and the challenge of combining different kinds of knowledge Science meetings in volcano observatories are generally highly interdisciplinary, involving geophysicists, seismologists, geochemists, petrologists and others. The information that they bring to the meeting is combined in assessing the state of the volcano, and involves cross-disciplinary communication and expertise: at least one person in the room has to be able to understand and evaluate the evidence that is presented. Collins (2004) discusses the idea of 'interactional expertise': having the ability to communicate meaningfully within a discipline. This is not the same as 'contributory expertise', which is expertise that allows one to make a substantive contribution to the progression of the discipline-the contribution of new research. Interactional expertise is that required of observatory directors, for example, in making judgements in the face of uncertain evidence of different types and potentially with contradictory implications. There are several complexities in this, not least the definition of acceptable or typical error. Thus a gas scientist looking at GPS data may interpret the margin of error differently from a geodesist. Similarly, different scientists may have varied ideas about the importance of particular types of information. This points towards the importance of discussion as a part of scientific process when public safety is at stake.
The social context of scientific discussion thus becomes important. One member of the Montserrat Scientific Advisory Committee noted that the specificity of the Montserrat situation allowed 'this somewhat different… mode of scientific discussion, that's less reliant on wider more academic perspectives, and much more on interpreting frequently changing operational datasets… the one aspect … that I find the hardest to bring to bear is knowing when to bring in… other perspectives and scientific topics':
…there's the issue of the groundwater, there's the issue of stratigraphy, and the capability of plinians, there are issues about the gas-the significance of the gas signals-there's the issue of the longer term modelling of the reservoir and so on-all of which are relevant to the argument but are very hard to bring in a focussed manner…. Do you try to squeeze more Numbers 1-4 refer to components in Table 8 Table 10 Numbers 1-4 refer to components in Table 8 time out of the members of the SAC [Scientific Advisory Committee], or do you broaden the network of expertise which you feed into the SAC… and it's not obvious which would be the best way to go about it. I'm sure if we were to say to the [UK] Foreign Office, you need to double the resources you're putting into this, they'd say, "Why? You've been getting along fine." Senior scientist.
There are many possibilities for research and collaboration within volcanology. At observatories and within the context of scientific advice more widely, difficult choices have to be made not only about which techniques to use in monitoring, but also in what questions to concentrate on. A strength of the Montserrat situation is that the presence of both the Montserrat Volcano Observatory and the Scientific Advisory Committee, which consists of five highly experienced volcanologists, brings together multiple knowledges. Multiple disciplines are represented, but so are multiple experiences, histories and expertises-not purely academic science, but firmly grounded in it. Another important aspect is that of peripheral research-collaborations with outside scientists in order to investigate some of the questions noted above. However, much of this is research-sourced and academically based. Unfortunately, observatories may not have time to coordinate and initiate such research, particularly in the developing world.
The importance of individuals in the transfer and movement of technologies that are on the threshold between monitoring and research is considerable. For example, the FLAME network on Mount Etna for monitoring SO 2 emissions has been introduced and maintained by a few individuals (e.g. Burton et al. 2009 ). Similarly, the infrasound network on Montserrat, and that on Stromboli, have been instigated by small groups of people and via individual connections (Ripepe et al. 2010) . The results are then communicated through the peer-review process, and at conferences and workshops. Interest in the development and communication of monitoring techniques through these media is increasing, as demonstrated by recent conference sessions, but there are always financial constraints on observatories, not to mention the manpower requirements and the processing and interpretation time.
The integration of multiple monitoring methods has several effects on uncertainty: it can decrease epistemic uncertainty (that due to lack of knowledge, as opposed to aleatory uncertainty, which is due to the randomness of the nature system and is irreducible). However, if the results of different techniques are apparently contradictory, then the epistemic uncertainty is increased and so is the level of trust that can be placed in the monitoring method in the first place. The management of these uncertainties, and the danger of multiplying errors, is a feature of monitoring volcanoes. It is in this context that expert judgement has to be used to obtain the information necessary to provide authorities with assessments. Again, there are two sides-the more opinions, the better, but this makes agreement more difficult to reach. Interviews with scientists involved on Montserrat, and the data presented above, suggest that there is a balance to be achieved between local knowledge, experience of crisis management both in the location and elsewhere, and academic expertise, not to mention different disciplines ranging from physical to social sciences. The fact that scientific consensus was viewed as less important than communication between scientists also emphasises the importance of discussion between a range of views, over a polarised approach. This suggests that methods such as structured expert elicitation (Aspinall et al 2002; Aspinall 2006 Aspinall , 2010 are an important step in assessing volcanic risk quantitatively.
Uptake of new technologies and methods depends on a number of different factors, relating not only to their scientific merit but also to social, economic and political factors. These include scientific networks, interactions between individual scientists, local knowledge about the volcano, financial considerations and justifiability to non-scientists: 'in order to get it done you need to show how it can work in an operational environment' (Senior scientist). While a technology may provide information about the volcanic system that is of great interest in scientific research, progression into the monitoring environment requires demonstrable potential to be of use to society. This carries with it some dangers, too, since science has to be translated to explain the value to society, and the simplification inherent in this process can lead to misunderstandings-particularly where local officials have high and unrealistic expectations about scientists' ability to forecast information. Challenges for new observatories may include explaining the need for networks of instruments, and that for more than one monitoring method, for example. The challenge of demonstrating costeffectiveness for volcano monitoring beyond the volcanological community can be significant.
One problem with the justification of monitoring technologies is that of standardisation: many factors influence the form of monitoring networks, such as topography and access, the type of volcanism, location of populations, and likely hazards. Many scientists regard the standardisation of monitoring networks and systems with suspicion:
There's been a lot of debate whether or not to do that, and they've rejected it, feeling that every volcano is a little bit different, and you've got to be flexible and rigorous. Senior scientist.
Thus, judgement calls have to be made by scientists on the ground, and then explained to local officials. While researchers make judgements based on future directions of interest, observatories have to look for functionality, reliability and relevance to hazard and risk assessment. There may also be cultural factors involved-one factor that featured heavily in MVO's early years was the desire to interface with the regional seismic network (Aspinall et al. 2002) , and this was important to both scientists and local stakeholders with political motives. Observatories stand between the research community on the one hand, and the public on the other. Managing this middleground position requires particular skills, and these are not necessarily the same skills that are developed through academic experience alone (Collins and Evans 2007) .
Interactional expertise is a useful concept for observatories because they require multidisciplinary assessments to be made-thus at least one scientist must be able to engage with all of the represented disciplines. This does not simply mean understanding the data, but also having some knowledge of the way that particular disciplines analyse their datawhich may or may not be sufficient knowledge to make a contribution to the field at a research level. The distinction was described by one senior scientist:
It's a lot of work you have to put in cos otherwise you know a bit of everything without actually mastering anything … I can do research on it at a reasonable level but I wouldn't actually be making the technique evolve or the science really evolve-I don't want to be part of the research in that area, I just want to be able to use it… it's a lot of extra work but it's very fulfilling … and actually I found that particularly useful if you come to work in an observatory where monitoring is multidisciplinary, so you are able to understand the gas data quite well, able to understand the deformation stuff, and seismology as well.
One local official commented, 'it's like a jigsaw and you've got a picture from the geologist and a piece from the seismologist and a picture from a volcanologist, and you start slotting them together': the process of slotting them together involves focussing on the final product. This situation is complicated by a variety of human traits, not least overconfidence:
We both agree that one of the chief lessons of the role of scientists in these long drawn-out states of unrest is that the scientists get over-confident in their predictions, and the population becomes increasingly risk-immune… and both sides do persuade themselves-reaffirm one another's delusions, really. Senior scientist Gibbons et al. (1994) make a distinction between mode-1 science (based on research progression alone-'traditional' science) and mode-2 science, which is application-driven. While researchers increasingly have to demonstrate the social relevance of their work, this is generally worked out after the research plan is drawn up, while monitoring organisations have to plan their requests according to their social mission. Within volcanology, however, this distinction is not clear-cut, because of the nature of volcanism-and therefore the role of field stations in data generation and centralisation. It is nevertheless helpful in understanding the role of science when it comes into contact with policymaking and shifts in emphasis.
Expertise and experience
The relative merits of expertise and experience take on a geographical aspect in assessing volcanic hazard: the value and importance of local knowledge are contested and controversial in volcanology, as scientists discuss whether or not apparently similar volcanoes can be compared. This is a consideration in developing alert levels that cover multiple locations, and in transferring expertise between observatories and disaster managers. Scientists interviewed in this project suggested that local knowledge is important, but sometimes objectivity can be increased by the involvement of scientists without experience of a particular volcanic system. This is a very important question for governments setting up advisory structures for volcanic hazard and risk policymaking. In the survey, the respondents emphasised the importance of monitoring and observatory experience, and this is consistent with interviewee comments. While local knowledge and experience were considered to be desirable in many situations, their enhancement with input from people outside of the situation was encouraged because 'I can't see how objective one can be if after a while you've been around on the ground interfacing with the activity for so long that you must be influenced in a way that might be good or might be bad': there was a fear that too much time in one place immunised scientists from seeing the bigger picture. At the same time, being 'on the ground' was also identified as an important qualificationbeing able to see, hear and indeed smell the volcano (not to mention touch and, if spending too much time eating outside, inadvertently taste it) clearly improves both sympathy with the local political and social situation and an attuned awareness of the physical processes involved.
In a long-term eruption, particularly, the danger of scientific assessments stagnating, or tending towards a constant thought pattern or even model, increases: 'it cuts both ways… your independence and objective assessment of the situation must be influenced by your experience.' This is positive if experience makes one better able to assess the volcanic activity, but negative if one tends to assume that patterns will be repeated without considering the uncertainty. Missing something because it has always been there becomes a danger: 'we need a balance between the experience and the experience-of-Montserrat'. Discussion with the wider academic community, too, both through advisory structures and through conferences and meetings, was identified as helpful, although also the source of some tensions-and also demonstrative of the different types of working involved-research-dominated rather than monitoring-dominated, in the simplest formulation. Academic experience was regarded as less important than experience in monitoring and local knowledge, but was nevertheless valued, especially where interaction with the academic community stimulated new ideas and a broader view of the possibilities. Discussion-with as broad a group as possiblewas agreed to be a fundamentally important aspect of hazard and risk assessment, but requires the presence of skilled facilitators to ensure that the discussion is not dominated by a single person. In this context, statistical techniques such as expert elicitation may also be used (Aspinall 2006 (Aspinall , 2010 to provide quantitative results. Lindsay et al. (2010) took this a step further and used expert advice to set the rules for the BET_EF code prior to a simulated eruption.
Scientific advisory practices vary around the world, and may be extremely complex in a volcanic crisis-particularly where the hazards transcend national boundaries. The management and communication of scientific uncertainty may be compounded by social factors within and beyond the scientific community. In addition, disagreement between scientists can complicate already highly pressured environments. In policymaking, the precautionary principle is often advocated in the governance of uncertainty; but in the case of low-probability risks, decisions can be costly.
Conclusions
A survey of volcanologists carried out in 2008-2009 suggests that participants regard broadband seismometers as the most useful tool in monitoring volcanoes, but with continuous GPS measurements a very close second. Other important techniques included tiltmeters, visual surveys and gas spectroscopy. Multi-gas instruments and satellite radar interferometry were thought to be likely future monitoring breakthroughs. The importance of processing algorithms and their development, particularly in seismic data analysis, was also mentioned by a number of respondents.
The relative importance of expertise and experiencemuch discussed in Science Studies literature (e.g. Collins and Evans 2002; Wynne 2003; Jasanoff 2003a, b) -in managing an eruption, either on persistently or potentially active volcanoes, was not straightforward. However, the factor analysis suggests that practical experience was rated more highly than academic experience-and local knowledge of the volcano was particularly important. During eruptions, it was felt that communication between scientists, and the cooperation of local authorities, were the most important of the options during a crisis, but long-term relationship with the authorities was more important on a persistently active volcano. Communication and trust between scientists were generally considered more important than consensus. The role of the media was recognised as significant too, particularly in a crisis. The multidisciplinarity inherent in volcanology means that communication between disciplines can be an issue, and requires scientists with interactional expertise. Ideally, this includes an awareness of the uncertainties associated with different types of information. Social scientific analyses within the scientific advisory process could facilitate the development of scientific advice and its framing within the political context. calculates the estimated standard error. The t test thus measures the systematic variation in the samples relative to the unsystematic variation, therefore testing the model.
The z score and effect size
The z score is a way of approximating the normal distribution so that the deviations from the mean can be compared:
where, X is a data point, X is the mean of the population, and s is the standard deviation of the population. The effect size, r, is calculated from the t statistic and the degrees of freedom:
where, t is the t statistic, df is the number of degrees of freedom, z is the z score and N is the number of samples. A small effect is defined as r>0.1, and a large one by r>0.5 (Field 2000) .
Non-parametric tests
Data that were not normally distributed-largely those that reflected strong opinions-were tested according to a variety of non-parametric methods. The Mann-Whitney test is similar to the independent t test and compares the median between two groups. It is thus only used for comparing two groups of data, but can be used as a test for the results of a KruskalWallis test, in order to apply the Bonferroni correction (using a significance value of 0.05/number of tests). It is denoted here by 'U'. The Kruskal-Wallis test, denoted by 'H', is the nonparametric equivalent of the Analysis of Variance-it compares the medians of several groups.
Here, R is the sum of ranks for each group, N is the total sample size and n is the sample size of a particular group. The Jonckeheere-Terpstra test for trends takes the analysis a step further, looking for trends within the ranked medians. It has been used where the groups are likely to impact the ordering of medians, and a value greater than 1.65 is considered significant (one tailed).
Spearman's ρ is a non-parametric correlation that works by ranking the data and then applying the equation for Pearson's correlation coefficient, R. Where this test has significance, it suggests that two variables are related to one another, and the sign of that relation. It does not however imply causality.
Factor analysis
Factor analysis seeks out latent variables within a multivariate dataset: these are underlying factors that influence the distribution of the data, but are not themselves measured variables. It works by calculating the correlation matrix between the variables and its eigenvalues, looking to maximise the variance accounted for by each corresponding eigenvector. The process is initially carried out as a principal components analysis, but with a specific number of factors being extracted: it is common practice to quote eigenvalues >1, in accordance with Kaiser's criterion. The resulting component matrix is then rotated to ensure ease of interpretation. This study used a varimax orthogonal rotation, as it was considered unlikely that there would be correlation between factors. Stevens (1992) suggests that for a sample size of 150, a loading of more than about 0.4 is significant.
Reliability analysis
The reliability of the scales used in the questionnaire has been calculated using Cronbach's alpha:
This is a measure of the magnitude of the variance and covariance in the data, weighted according to the number of items and the average covariance. There is some debate over the acceptable threshold, with 0.7 taken by many authors. However, it should be noted that reverse-scaled items or items measuring slightly different variables will lower the value of the alpha since it assumes that the items are all measuring the same thing. Thus, it is realistic to expect that some sets of variables will give a lower alpha than 0.7. For some parts of this questionnaire, Cronbach's alpha was calculated using a normalised scale-the ratings given by the respondents were reversed in order to align the object of the scale as far as possible.
